I . Cereal-based diets containing 0, 500, 1000 or zoo0 mg added copper/kg were offered ad lib. t o laying hens for 8 weeks. All the hens were subsequently offered the control diet (no added Cu, 7.5 mg Cu/kg).
552

MARY H . STEVENSON A N D N. JACKSON
0.7 3-9 6.0 6-4 *** P < 0.001.
Slaughter weight-initial weight
Total time on experiment (food intake and egg no. calculated in a similar manner).
$ Time o refers to the-end of the initial eight-week feeding period.
darkness at 24 weeks and this maintained throughout the experiment. At 24 weeks of age, when all the hens had been laying for at least 2 weeks, they were randomly allocated to one of four treatment groups. The treatments were the control diet as described by Jackson (1977) , and this diet to which was added 500, 1000 or 2000 mg Cu/kg. The Cu was added as CuS0,.5H20 the fineness of grinding of which has already been reported (Jackson, 1977) . The control diet contained (/kg): 165 g crude protein (nitrogen x 6.25), 7 3 mg Cu, 95 mg Zn, 138 mg Fe, 32 g calcium, 5.2 g phosphorus and had a calculated metabolizable energy content of I 1.4 MJ/kg. The diets were offered ad lib. for 8 weeks. At the end of this time, five birds from each treatment were randomly selected and killed by decapitation. The remaining birds from each treatment were then offered the control diet ad lib. for another 8 weeks. Five hens from each treatment were killed 2, 4, 6 and 8 weeks after placing all the birds on the control diet. Body-weights were recorded at the start of the experiment, after 8 weeks on the control and Cu-supplemented diets and at two-weekly intervals after withdrawal of the diets containing added Cu. Egg production and food intake were recorded. Blood and blood serum were analysed and organs removed and examined as described by Stevenson & Jackson ( I 980) , except that histological examination of tissues was not carried out. In addition, the caeca and bile ducts were excised and weighed. Caecal contents were removed and a portion taken for Cu analysis. The weights of the empty caeca were recorded.
The methods of chemical and statistical analyses have been described by Stevenson & Jackson ( I 980) .
RESULTS
Mean weekly body-weight change, food intake and egg numbers are presented in Table I . The Cu supplementation for 8 weeks resulted in significant weight losses and depressed food intake and egg production (all P < o*ooi). After 2 weeks on the control diet significant food intake differences were no longer apparent. By 6 weeks on the control diet body-weight and egg number differences were no longer significant. of the mean of the log transformations. The values in parentheses are the means of the log values.
The blood measurements are shown in Table 2 . Cu supplementation and withdrawal did not significantly affect haemoglobin (Hb), packed cell volume (PCV), serum Cu or serum aspartate aminotransferase (AAT; EC 2 . 6 . I . I). Length of time after withdrawal of the Cu-supplemented diets significantly affected PCV, serum Cu (both P < 0.01) and AAT (P < 0.001) but there was no obvious trend in the effects produced. The over-all mean
The mean fresh weights of liver, oviduct, ovary, gizzard and bile duct, expressed as g/kg body-weight, together with the lipid content of the livers are given in Table 3 . Cu supplementation markedly reduced liver fresh weights expressed as g/kg body-weight. Withdrawal of the 500 and 2000 mg added Cu/kg diet for 2 weeks resulted in an increase in liver weight per unit body-weight (P < 0.01 and 0.001 respectively). By 4 weeks, no significant differences between treatments were observed. There was a diet x time interaction (P < 0.05).
Cu supplementation markedly reduced oviduct and ovary weight/kg body-weight compared with the control birds. Subsequent feeding of the control diet to all groups resulted in a rapid and significant increase in oviduct and ovary weight/kg body-weight (both P < 0.001). Both showed a diet x time interaction.
Gizzard fresh weight (g/kg body-weight) was significantly affected by diet and time and there was a diet x time interaction (all P < o*oor). The effect of increasing Cu supplementation of the diet on gizzard weight per unit body-weight was obvious at all Cu levels, the weight increase on 2000 mg Cu/kg being approximately 90% compared to the control. The mean bile duct weight/kg body-weight was significantly increased by the highest level of Cu supplementation and decreased by the length of time after withdrawal of these diets (both P < 0.05). Caecal and kidney weights, expressed as g/kg body-weight, were unaffected by both diet and time, the over-all mean weights ( 5 SEM) being 2-99 k 0.057 and 6.2 k 0.09 g/kg body-weight respectively. Liver lipid concentration (Table 3) was decreased by the two highest levels of Cu supplementation of the diet (P < 0.05). After withdrawing the Cu-supplemented diets for 2 weeks, lipid concentration increased and this trend continued up to 8 weeks.
The concentrations and total Cu present in the liver, kidneys and caecal contents are shown in Tables 4 and 5 respectively. The Cu-supplemented diets offered for the initial 8 weeks caused a highly significant increase in liver Cu concentration while the control birds fed on the basal diet throughout the experiment were unaffected. Replacement of the Cucontaining diets by the control diet caused a significant decrease (P < o-oor) in the liver Cu concentration after 2 weeks. By .8 weeks the differences between treatments were not significant.
The total Cu content of the livers of hens (Table 5 ) given Cu-supplemented diets was significantly higher (P < 0.001) than that of hens given the control diet. After 2 weeks withdrawal of the Cu-supplemented diets the hens which had been offered the Cu-containing diets showed a significant reduction in total liver Cu. The trends in the total liver Cu content for the remainder of the experiment generally paralleled those for liver Cu concentrations. Both kidney Cu concentration and total kidney Cu content were unaffected by dietaryadded Cu although the mean values for Cu concentration suggest that feeding 2000 mg added Cu/kg diet for 8 weeks did result in increased kidney Cu concentration. After 2 weeks withdrawal of added Cu, kidney Cu concentration had significantly decreased (P < 0-001) in these birds. Over all the total kidney Cu content was increased with time (P < O*OOI), showing a maximum at 6 weeks.
Feeding the Cu-supplemented diets significantly increased the concentrations and total
Cu of the caecal contents (Tables 4 and 5 ) compared with control hens (P < 0.001). After imposing the control diet on all groups of hens the decreases in the Cu concentrations and total Cu of caecal contents were significantly different (P < 0.001) compared to the levels found after the initial 8 week period. The Zn and Fe concentrations and total contents of liver and kidneys are presented in Tables 6 and 7 respectively. Over all, Cu supplementation had no significant effect on liver Zn concentration or content but after withdrawing the Cu-supplemented diets liver Zn concentration decreased (P < o*oor) and total Zn increased (P < 0.05). Liver Fe concentration and total content were significantly increased by added Cu but after 2 weeks withdrawal of these diets only those birds which had previously been receiving 2000 mg added Cu/kg still showed liver Fe concentrations significantly higher (P < 0.001) than the control treatment.
Kidney Zn concentrations were unaffected by added Cu and length of time of withdrawal of this added Cu but there was a diet x time interaction (P < 0.01). Total kidney Zn was decreased by Cu supplementation of the diet and after 2 weeks of withdrawal of Cu fromthe diet the kidney total Zn of the hens offered the two highest levels of added Cu was restored to a value similar to that of the control. Supplementation of the diet with 2000 mg Cu/kg significantly increased kidney Fe levels (P < 0-001) but after 2 weeks withdrawal of added Cu from the diets the Fe levels had significantly decreased (P < 0-001) and were no longer statistically different from those of the other treatments. Cu supplementation did not affect total kidney Fe but total kidney Fe increased for up to 6 weeks after Cu withdrawal.
D I S C U S S I O N
The losses in body-weight and the decreases in food intake and egg production with the high levels of added dietary Cu were expected from previous findings (Jackson, 1977; Stevenson & Jackson, 1980) . The recovery from body-weight loss and the increases in food intake and egg production after removal of the Cu-supplemented diets are rather similar to the observations of Griminger (1977). The effect of Cu on the reproductive system was readily reversible and, in fact, the egg-laying capqcity of the hens previously given 2000 mg Cu/kg was fully restored after 6 weeks on the control diet. The effect on egg production was probably due to the low nutrient intakes resulting from the greatly-reduced food intake of the birds offered the high-Cu diets.
The fact that the intake of high levels of Cu by the hens had no significant effect on Hb, PCV, serum Cu and AAT (Table 2 ) suggests that the hen has a remarkable ability to adapt to high Cu intakes. This characteristic has been observed before for the mature, domestic fowl (Jackson, 1977; Stevenson & Jackson, 1980) . The lack of effect of high levels of dietary Cu on kidney fresh weight per unit body-weight can be taken as a further indicator of the ability of the domestic fowl to adapt to a high Cu intake. The significant reductions in liver, oviduct and ovary fresh weights, expressed as g/kg body-weight, in response to Cu supplementation (Table 3) , were to be expected since similar results have previously been reported (Jackson, 1977; Jackson et al. 1979; Stevenson & Jackson, 1980) . The interesting novel information shown by the present work is the rapid restoration of the weights of these tissues to near control values and the accompanying return to normal function of the reproductive system as assessed by egg production.
Pathological effects on the gizzard in response to high dietary Cu have been reported in the broiler (Fisher et al. 1973; Poupoulis & Jensen, 1976) . In the laying hen the feeding of diets containing up to 800 mg added Cu/kg failed to cause gizzard lesions although gizzard weight was increased (Jackson ct al. 1979 ) but feeding higher levels of added Cu caused thickening and damage to the gizzard lining and an associated weight increase (Stevenson & Jackson, 1980) . The sex difference in gizzard tolerance to dietary Cu (Fisher et al. 1973) may partially explain the lack of severe erosion found in the laying hen in previous experiments reported from this laboratory.
The significant increase of bile duct weight caused by Cu supplementation of the diet and the subsequent decrease when the control diet was given indicates that the bile duct is an important pathway of Cu excretion. This substantiates the observations of Beck (1961) who found that after injection of CuSO, the biliary Cu level of cockerels was substantially increased. The lack of response of serum Cu to high levels of Cu ingestion in the mature hen is probably related to the fact that the bile duct is an important pathway of Cu excretion.
The functions of the caeca in the digestive processes of the domestic fowl are not clearly understood. Beck (1961) reported that the caeca had some significance in Cu excretion by the cockerel. King (1972) found an effect of dietary Cu on caecal length per unit bodyweight in broiler chicks. An increase was observed in the male and a decrease in the female. A decrease in caecal weight per unit body-weight and in weight per unit length has been found for ducklings (King, 1975) . The lack of effect in the present experiment indicates that the mature female domestic fowl shows a response which is different from that of the immature bird.
The significant decrease in liver lipid concentration with added dietary Cu is in agreement with the findings of Jackson et al. (I 979) and Stevenson & Jackson ( I 980) and is obviously associated with depression of fatty acid and lipid synthesis in the liver (Ranney & Chaikoff, 1951 ; Goodridge, 1968; O'Hea & Leveille, 1969) .
The increases in the concentration and total Cu content of the livers of birds given Cusupplemented diets were expected in the light of previous results (Jackson, 1977; Jackson et al. 1979; Stevenson & Jackson, 1980) . A most interesting aspect of the present work was the rapidity with which Cu was eliminated from the liver when the birds were given control diets. After 2 weeks withdrawal of Cu-supplemented diets, the mean Cu concentration and total Cu content of the livers of birds subjected to the highest level of Cu supplementation were only 16 yo and 50 :lo respectively of the value obtained after 8 weeks of Cu treatment. After 4 weeks of Cu depletion the corresponding values were approximately 3 yo and I I 06.
This shows that the domestic fowl has a mechanism for the rapid withdrawal of Cu from the liver. The lack of effect of Cu supplementation on kidney Cu in the present work and the relatively small effect noted previously (Jackson et al. 1979; Stevenson & Jackson, 1980) indicates that the kidney is not significantly involved in Cu storage or excretion.
Significant increases in the Cu concentration and the total Cu present in the caeca as a consequence of feeding Cu-supplemented diets as found in the present experiments have also been observed in the broiler (Fisher et al. 1973; Jensen & Maurice, 1978) . The caecal contents also showed the physical characteristics, namely the dark colour and pastiness, as described by Jensen & Maurice (1978) . After 2 weeks withdrawal of the Cu-supplemented diets, the over-all mean caecal Cu concentration and content were less than 30% and 4 % respectively of the values found after giving Cu-supplemented diets for 8 weeks. The concentration and total Cu contents tended to remain fairly constant thereafter. There is no obvious explanation as to why mean Cu concentrations and contents rose after 8 weeks.
Although the concentration and total Zn content of the livers were unaffected by diet, nevertheless the values for zero time of Cu withdrawal show an increase in Zn concentration and a decrease in total Zn content. This agrees with the results of Stevenson & Jackson (I 980) . The mean liver Zn concentration decreased by approximately 40 % over the 8-weeks withdrawal period. The total Zn content increased by 21 yo over this period this being a reflection of the large increase in liver weight. The increases in liver Fe concentration and total Fe as a result of Cu supplementation are in agreement with previous findings from this laboratory (Jackson et al. 1979; Stevenson & Jackson, 1980) . The reduction in liver Fe on withdrawal of the dietary Cu appeared to be directly related to the reduction in liver Cu.
As for the liver, the tendency was for Cu supplementation to result in an increase in the kidney Zn concentration and a decrease in total content. This effect on total kidney Zn content was also reported by Stevenson & Jackson (1980) . In the present experiment kidney Fe concentration was increased by the highest Cu supplement whereas Stevenson & Jackson (I 980) did not find that Fe concentration was significantly increased although there was a trend towards an increase with increasing Cu supplementation. Total kidney Fe was unaffected by Cu treatment but after withdrawal of added Cu there was a significant increase in total kidney Fe and a significant decrease in Fe concentration, which is rather surprising since kidney weight was unaffected by withdrawal of the Cu-supplemented diets.
